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Energy storage plays an important role in the future of the power system. 
There are a lot of energy storage system (ESS) available and thermal energy 
storage shows a promising future. Conventionally, this system is based on a 
steam generator that converts heat energy to electrical energy and an 
electrical heater to convert electrical energy to heat energy. Nonetheless, 
there is still no proper ESS based on the thermoelectric generator (TEG), 
which can convert directly heat energy to electrical energy and vice versa. 
This paper proposed a power converter with a new controller for the thermal 
ESS based on the TEG. The bidirectional converter and the modified perturb 
and observe method are used to manage the energy transfer at the TEG. The 


thermal energy storage is based on the sensible approach, where the heat 
energy causes the temperature to increase. The results show that the thermal 
ESS based on the TEG is feasible since the energy can be stored and 
released from the proposed system. 
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1. INTRODUCTION 

Energy storage has an important role especially today since now we are transitioning toward 
renewable energy. This is because renewable energy such as solar and wind energy has an intermediate 
characteristic. This allows the excess energy produced by renewable energy to be used when the energy 
production is low. According to Renewables 2021 Global Status Report (GSR), there has been a 139 GW and 
93 GW increase in energy produced by the solar photovoltaics (PV) and wind turbine, respectively [1]. This 
is proof that the energy storage technology needs to catch up with this renewable energy. 

There are various energy storage technologies used with the renewable energy system [2]-[4]. The 
top ten countries by installed capacity of the energy storage show that mechanical energy storage such as 
pumped hydro [5], compressed air [6], and flywheel [7] is the commonly chosen. This is due to the large 
energy storage capability. However, pumped hydro has location constraints and can impact the environment. 
While compressed air has leakage problems and safety issues. The flywheel also has noise problems and is 
high in cost. The battery is also an option to store the energy [8]. The lithium-ion battery has high-energy, 
high-power density, and fast response time. However, the cost is high and the life cycle depends on the 
discharge level. The lead-acid battery is lower in cost but has low energy and power density. 

Thermal energy storage stores the energy in the form of heat in the material such as the ground, 
water, or phase change materials. The thermal energy storage for 2017 is near 3.3 GW and it is expected to 


Journal homepage: http://ijpeds.iaescore.com 


1606 O ISSN: 2088-8694 


increase up to 11% from 2017 to 2022, which shows that the energy storage in the form of heat has the 
potential [2]-[4]. The thermoelectric generator (TEG), can convert the heat energy to electrical energy and 
electrical energy to heat energy directly without any additional energy conversion. Therefore, the TEG has 
the potential to be used as energy storage, in which the energy is stored in the form of heat. Commonly, the 
TEG is used in the heat energy recovery application such as in industries likes the sugar factory [9] or 
automotive industry [10]. It is also being used in energy generation based on solar thermal and photovoltaic 
energies [11], [12]. However, the TEG energy storage system (ESS) is still in the early phase. The current 
research focuses more toward the TEG and the heat storage material rather than the power converter and the 
controller used to integrate the TEG into the grid, as described in Figure 1 [13]-[15]. Based on the research, 
the TEG is either open-circuited or manually controlled using the power supply and load, which is not 
realistic if the TEG is connected to a grid. Therefore, a specially designed power converter with an optimized 
controller is needed for the TEG based ESS. 

This paper proposed the integration of a power converter for the ESS based on the TEG array. The 
bidirectional converter is used to store and supply energy from or to the DC bus. A control strategy based on 
the maximum power point (MPPT) perturb and observe (P&O), the method is proposed to control the 
bidirectional converter. The next section discusses the design of an ESS based on TEG. The third section 
provides the results and discussions on the proposed system. The last section concludes the finding of the 
research. 
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Figure 1. The current trend and the proposed research on TEG ESS 


2. DESIGN OF ENERGY STORAGE SYSTEM BASED ON THERMOELECTRIC GENERATOR 

The block diagram of the ESS based on the TEG array and bidirectional converter is shown in 
Figure 2. The TEG array consists of 2 sides, the hot and cold sides. The cold site is exposed to the 
environment. A heat sink is added to increase the surface area for the heat exchange to happen between the 
TEG and the environment. The low temperature, 7), is kept constant at 30 °C similar to the environment. The 
hot side of the TEG array is connected to a heat energy storage, which has a high temperature, Th. The TEG 
array is connected to the bidirectional converter. 
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Figure 2. The block diagram of the ESS based on the TEG array and bidirectional converter 
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The TEG voltage and current (Vreg and Ieg, respectively) are measured and sent to the control 
strategy. Depending on the mode charge/discharge, Mca, an appropriate control strategy determines the duty 
cycle, D, for the bidirectional converter. The pulse width modulation (PWM) manager uses the D and Mca to 
produce an appropriate gate-source voltage 1 and 2 (Vgs; and Vgs2, respectively). The Ves; and Vgs2 drive the 
bidirectional converter to absorb or supply the power from or to the DC bus. This is observed by analysing 
the bus voltage and current, Vpus and Tbus, respectively. 


2.1. Thermoelectric generator model 

The TEG array consists of only two components, which are the voltage source and the resistor [16], 
[17]. The voltage source has the magnitude of internal voltage, Vin, which is calculated using (1). The resistor 
has the value of internal resistance, Rin, which is calculated using (2). These two components are connected in 
series. Since this is the TEG array, the number of TEG modules connected in series and parallel, Nser and Npar, 
respectively, are included in the TEG model. The Seebeck coefficient of a unit of TEG module, Sregu, and the 
temperature difference, AT = Th — T,, affect the Vin The internal resistance of a unit TEG module, Rin, is 
obtained from the TEG module datasheet. 


Vint = NserSteguAT (1) 
Nser 

Rint = N. Rintu (2) 
par 


The electrical modelling of the TEG arrays only involves (1) and (2). Since the heat energy involves 
in the proposed system, the modelling of the heat energy part of the TEG array needs to be considered. The 
heat power generated at the low and high-temperature sides of the TEG array (Q; and Qn, respectively) is 
calculated using (3) and (4) [16]. In the model, the thermal conductance, Kx, are considered. While the power 
generated by the electrical part of the TEG, Wieg, is calculated using (5). The relationship between the Q;, Qn, 
Wieg, and heat energy that goes into heat energy storage, Qm, is shown in (6). 


Qi = Stegu Tilteg — 0.5lreg Rint + Kec(Tiı — Th) (3) 
Qn = —SteguTrlteg — 0.5lreg Rint + Kee(Th — Ti) (4) 
Wreg = Veeglteg (5) 
Qm = Wreg + Qi + Qn (6) 


2.2. Bidirectional converter 

The non-galvanic isolated bidirectional converter is used for the ESS based on the TEG array, as 
shown in Figure 3(a). This converter is chosen due to its simplicity and low number of components. It 
requires 3 inductors, 2 capacitors, 2 diodes, and 2 MOSFETs. The name of the components is input 
inductance (L;), input capacitance (C;), middle inductance (Lm), MOSFET 1 (Q7), diode 1 (D7), MOSFET 2 
(Q2), diode 2 (D2), output capacitance (Co), and output inductance (Lo). The L; and C; filter the Zeg and Vieg 
and ensure the current and voltage ripple are acceptable. The Lo and Co filter the Jp,; to ensure the current 
ripple is acceptable. The Lm needs to be designed properly to ensure continuous current mode operation. 

This converter operates in two modes, buck and boost modes [18], [19]. In buck mode, the energy 
flows from the DC bus to the TEG array. This is considered a charging mode. By referring to the PWM 
manager in Figure 3(b), the V¿sı becomes OV and the MOSFET Q; becomes an open circuit. The output of 
the PWM is connected to the V,,2. In boost mode, the energy flows from the TEG array to the DC bus. This is 
considered as discharging mode. The Vgs2 becomes OV and the MOSFET Q2 becomes an open circuit. The 
output of the PWM is connected to the Vgs1. 

The range of D for the bidirectional converter is between zero to one. However, due to the 
nonideality of the components inside the bidirectional converter, the D is kept to between 0 to 0.8 to avoid 
problems during the operation [20]. Since the D highly depends on the Veg and Vpus, a proper configuration of 
the TEG array and suitable Vpus need to be done. The relationship between D, Vieg, and Vpus is shown in (7) 
and (8), which is based on the conventional buck and boost converters [20]. The charge D, Den, is the 
operation based on the buck converter. While the discharge D, Daisch, is based on the boost converter. Note 
that the Vpus is constant during the operation. 

In (9) is derived using (7), in which the Veg is obtained using Kirchhoff voltage law. To avoid 
damage to the TEG array, the maximum Vin; and Treg (Vinmax) and Tieg¢max), respectively) need to be set based on 
the manufacture datasheet of the TEG array. Based on this relationship, the maximum Den, Denmax), iS 
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calculated. During discharge, the Vieg becomes half of the Vins [21], [22]. By implementing this condition into 
(8), (10) is obtained. To determine the maximum Daisch, Daisch(max), the minimum Vins, Vinymin), needs to be 
calculated by determining the minimum AT. Note that the derived (9) and (10) are based on an ideal 
bidirectional converter. The D for a practical bidirectional converter is higher when compared to the 
calculation. Therefore, the Deimax) and Daischtmax) needs to be lower than 0.8 to avoid problem during the 
operation. The design of the inductance and capacitance is complicated, which involves a complex 
mathematical analysis. Therefore, these parameters are designed using the try and error method. 
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Figure 3. The equivalent circuit of the ESS based on the TEG array and bidirectional converter connected to 
the DC bus for (a) the main equivalent circuit and (b) the block diagram of the PWM manager 
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2.3. Proposed control strategy 

The control strategy is based on the P&O MPPT algorithm since the TEG I-V characteristic curve is 
not linear with maximum power point [23], [24]. The control strategy determines the D needed to charge and 
discharge the system. By referring to Figure 4(a), the control strategy starts by measuring the Vieg and Teg. 
The TEG power, Pree, is calculated by multiplying the Vieg with the Zeg. The next step is based on the Mea. If 
Mca is “charge”, the operation continues with Figure 4(b). If Mca is “discharge”, the operation continues with 
Figure 4(c). If Mca is not “charge” or “discharge”, the operation ended. 

If the bidirectional converter operates in charging mode, the Peg is compared with the reference 
power, Pre. If the Pye is less than Preg, the previous D, Do, is added with the duty cycle step size, Dstep, to 
become the new D. Else, the Do is subtracted with the Dstep. This ensures only certain power can charge the 
system, thus avoiding damaging the TEG array. 

If the bidirectional converter operates in discharging mode, the P&O MPPT method is used [25], [26]. 
This is because the I-V characteristic of the TEG is nonlinear. The maximum power is produced when the load 
is equal to Rin; Since the bidirectional converter becomes the load of the TEG array, the input of the 
bidirectional converter is adjusted to match the Rin using P&O MPPT method [21], [27]. The operation starts by 
comparing the Vieg and Preg with the previous Vieg and Preg (Viego and Prego, respectively). Then the change of Vreg 
and Preg (dVieg and dPreg, respectively) is multiplied together to become the product of change of Veg and Preg, 
dPVieg. If the dPVieg is less than zero, the Do is added with the Dstep. Else, the Do is subtracted with the Dsrep. 
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Figure 4. The flowchart of the control strategy using the P&O MPPT method for the ESS based on the TEG 
array and bidirectional converter for (a) the main control strategy, (b) the charging control strategy, and 
(c) the discharging control strategy 


True 


(c) 


2.4. Heat energy storage model 

The heat energy is stored in a material at the hot site of the TEG. The specific heat capacity and the 
mass of the material (Cm and ms, respectively). As the Qn moved to the material, the T, change with time, t. 
The heat energy storage model is based on (11), in which the new Th, Tn), is calculated [28]. 


Thy = [dt + Th (11) 


CsMs 


3. RESULTS AND DISCUSSIONS 

The waveforms of the TEG ESS are shown in Figure 5. The voltage and current waveforms at the 
TEG array and DC bus are recorded to observe the flow of energy and the quality of the power produced. By 
referring to Figure 5(a), the Va is kept constant at 18 V. While the Vreg changes during charging and 
discharging. The voltage changes due to the characteristic of the TEG. During charging, the Vieg needs to be 
higher than Viw to ensure the charging occurs. The higher the AT, the higher the Veg needed to transfer the 
energy to the TEG. The higher the P,.¢, the higher the Vreg. During discharging, the Vieg needs to operate half 
of the Vin, which is the maximum power point. This is the reason why the Veg is only around 5 V since the 
Vin is around 11 V. By referring to Figure 5(b), the Zeg and Ipus are positive and negative, respectively, and 
vice versa. Positive current represents the absorption of power and negative current represent the generation 
of power. During the charging cycle, the Leg becomes positive and I; becomes negative. This is because the 
TEG array absorbs the power and DC bus supply the power. 
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Figure 5. The voltage and current waveforms at the input and output of the bidirectional converter during 
charging and discharging for (a) the Vieg and Vpus against t and (b) the Zeg and Ipus against t 


During discharging cycle, the Ieg becomes negative and Ipus becomes positive. This is because the 
TEG array supplies the power and the DC bus absorb the power. It is also observed that there is a larger 
current imbalance between Zeg and Ipus during discharging. This is due to the large voltage difference between 
Veg and Vpus. Another important aspect observed is the voltage and current ripple. A good converter should 
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have a low voltage and current ripple. The results show that the ripple is low. The is a slightly higher ripple 
on J}; during charging. To improve the quality of the voltage and current, a proper design of the bidirectional 
converter for the TEG energy storage application should be implemented. Nonetheless, this design is 
currently unavailable. The design used is based on the try and error method only. 

The power flow between the TEG array and DC bus is displayed in Figure 6(a). The positive power 
represents the absorption of power. While the negative power represents the supply of power. During the 
charging cycle, the Peg becomes positive and Ppus becomes negative. This is because the TEG array absorbs 
the power and DC bus supply the power. During discharging cycle, the Peg becomes negative and Ppus 
becomes positive. This is because the TEG array supplies the power and DC bus absorb the power. The dual 
flow of power during charging and discharging shows that the ESS based on TEG is feasible. Based on the 
powers, the efficiency (7) of the bidirectional converter is calculated and the result is shown in Figure 6(b). 
The result shows that the 7 is higher during charging compared to discharging. The 7 of the bidirectional 
converter is 95% and 79%, respectively. During charging, the bidirectional converter operates as the buck 
converter. The 7 of the buck converter is higher when the D is high. Since the D is high during charging, the 
efficiency of the bidirectional converter becomes high. During discharging, the bidirectional converter 
operates as the boost converter. The 7 of the boost converter is higher when the D is low. Since the D is high 
during discharging, the efficiency of the bidirectional converter becomes low. 

Since the energy is stored in the form of heat at the hot site of the TEG array, the Tn changes during 
charging and discharging. During charging, the T, of the heat energy storage increases, as shown in Figure 7. 
During discharging, the T, of the heat energy storage decreases. Since the Th changes, this shows that the 
heat energy storage is capable of storing and releasing the energy from or to the TEG array. 
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Figure 6. The power and efficiency of the TEG ESS during charging and discharging for 
(a) the Preg and Ppus against time and (b) the y against time 
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Figure 7. The 7), at the heat energy storage during charging and discharging, while the T; is kept constant at 
30 °C (environment) 


Besides the input and output of the bidirectional converter, the operation of the bidirectional 
converter needs to be observed. This is to ensure the operation of the bidirectional converter is within the 
desired design specification. The D for the bidirectional converter needs to be between zero and one. If the D 
is out of the range, the system fails to operate and requires multiple adjustments at the design specifications. 
It is also important to keep the D 0.8 when the bidirectional converter operates in the boost mode, which is 
during discharging. This is because the bidirectional converter fails to operate after 0.8 if a closed-loop 
system is applied. The results in Figure 8(a) shows that the D is within the limit. However, the D is near 0.8 
and the redesign is required to avoid fail operation. The ripple of the D also occurs since the fixed Dstep is 
used in the control strategy. This can be improved by using a variable step size. Besides D, the continuous 
current mode is also the design specification of the ESS based on the TEG. The continuous current mode is 
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observed using the Lm current, Izm, and the waveform is shown in Figure 8(b). The result shows that the Jz, 
don’t go to zero during the steady-state period for both charging and discharging conditions. This proves that 
the bidirectional converter operates in the continuous current mode operation. 
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Figure 8. The operation of the bidirectional converter for the TEG ESS during charging and discharging for 
(a) the D against t and (b) the Ji» against t 


4. CONCLUSION 

The objective of the paper is to propose a design and determine the possibility of using TEG 
technology as energy storage. The system uses a bidirectional converter to exchange energy between the DC 
bus and heat energy storage using the TEG array and bidirectional converter. The results show that the heat 
and electrical energies can be exchange between the DC bus and heat energy storage. The quality of the 
voltage and current is also observed to ensure the energy exchange is usable. The result shows that the absorb 
or supply power quality has a low ripple. In conclusion, energy storage based on TEG is feasible. 
Nonetheless, there is still further improvement that needs to be made. This includes the design of the 
component of the bidirectional controller and the improved control strategy. 
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